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Introduction 52
Stalagmites are becoming increasingly important climate archives, and have 53 yielded numerous iconic records of past terrestrial climate (e.g., Cheng However, stalagmites either with high detrital Th (not derived from in situ 66 radioactive decay) or with extremely low uranium concentrations have proven 67 problematic, and are occasionally not dateable using this approach (González-68
Lemos et al., 2015; Urban et al., 2015) . Young stalagmites (< 300 years), where 69 performed using an Automatic Graphitization Equipment (AGE) system (Wacker 170 et al., 2010) via iron-catalysed hydrogen reduction of the CO2. The resultant 171 graphite was transferred to aluminum targets for determination of 14 C activities 172 (a 14 C) using a Mini radioCarbon Dating System (MICADAS) accelerator mass 173 spectrometer (AMS) at the Laboratory for Ion Beam Physics 174 (LIP) at ETH Zurich. In addition, detailed sampling and 14 C analysis was 175 undertaken to detect the atmospheric 14 C bomb spike imprint. For this, the top 176 1mm of NIED08-05 was milled at an extremely high resolution (100μm per 177 sample) over four different tracks. Approximately 0.8 mg of carbonate were 178 dissolved in 85% H3PO4, and the CO2 produced was measured directly on the 179 MICADAS using a Gas Ion Source (GIS) system (Ruff et al., 2007) , again at LIP. A 180 series of laboratory standards (Oxalic acid II, IAEA C1 and C2, and a modern 181 coral standard) were used to ensure high precision: Oxalic acid II was measured 182 to a precision of better than 2‰ for graphite and 10‰ for GIS analyses. In 183 addition, 14 C-dead stalagmite material (stalagmite material from NE India, MAW-184 1: ~170 kyr, based on U-Th dates) was used as a procedural blank during all 185 measurement runs. 186 4.1. 14 C measurements: chronology and bomb spike identification 212
Twenty-five high-precision graphite 14 C ages, ranging from 1,139±27 years at 5 213 mm from the top to 8,909±38 years at the base (122 mm from the top), were all 214 in stratigraphic order within measurement uncertainty, apart from a small 215 reversal at 102 mm depth (Fig. 2a , Table 1 ). The 14 C data suggest the NIED08-05 216 growth spans much of the Holocene, in agreement with the initial assumption 217 based on the very imprecise U-Th ages. Very regularly increasing 14 C ages with 218 depth suggest generally constant stalagmite growth. However, an abrupt 1,700-219 year shift occurs between 47 and 52 mm from top coinciding with a thin white 220 microcrystalline layer, strongly suggesting the presence of a growth hiatus (Fig.  221   2a) . Similar microcrystalline layers elsewhere in the stalagmite suggest that 222 other hiatuses exist, but because the 14 C ages do not indicate growth interruption 223 at these times these possible (probably very brief) hiatuses were not considered 224 in the final chronology. The very high resolution GIS measurements along the top 225 1 mm of NIED08-05 show considerably increased 14 C activity in the uppermost 226 0.4 mm in three out of four replicate tracks, confirming the presence of the bomb 227 spike (Fig. 2b , Suppl. Table 1 ). The different manifestations of the atmospheric 228 14 C bomb spike in the four traverses is attributable to strong signal attenuation 229 in the karst (max. a 14 C = 0.96 fraction modern (fM) compared with 1.98 fM in the 230 atmosphere in 1963; Hua et al., 2013) , to sampling bias due to the transect 231 position relative to stalagmite curvature, and to the remarkably high-resolution 232 nature of these 14 C analyses. All samples were larger than the threshold where 233 significant blank contributions occur that could influence the reliability of the 234 results (see section Error! Reference source not found.). To our knowledge, 235 these are the first high-resolution 14 Overall, in NIED08-05 δ 13 C remains very stationary with only a minor longer-244 term trend (mean = -7.48‰, σ = 1.17, Suppl. Fig. 1 ). Conversely, Mg 245 concentrations are quite variable throughout the stalagmite (mean Mg/Ca ratio x 246 1000 = 2.56,  0.85). Several large excursions exist within the Mg dataset, with 247 gradual increases in Mg/Ca followed by more abrupt decreases (e.g. at 10 mm, 248 44 mm and 51.5 mm from top) possibly reflecting karst hydrology processes 249 and/or growth hiatuses (Suppl. Fig. 1) . 250 251
Chronology development 252
The technique described herein does not utilise 14 C ages as discrete dates, but 253 instead focusses on the topology of the long-term a 14 C-depth relationship. 254
Regularly decreasing a 14 C with depth from the sample top strongly suggests that 255 only small stalagmite growth rate and DCF changes occurred, and that 256 exponentially decreasing a 14 C is only due to radioactive decay. In this case, the 257 best-fit line describing the 14 C data should reflect the stalagmite's long-term 258 average growth rate, and a simple chronology can be built by anchoring the 259 growth rate to a point of known age (such as collection date, or the bomb spike This is not dissimilar to U-Th dating, which only produces ages for a few select 289 depths and infers the ages of other depths (and consequently growth rates) 290 using best-fit equations. 291 292
Model setup 293
The model is based on the radioactive decay equation, expressed by: 294
where A is the 14 C activity measured in the stalagmite, A0 is the initial stalagmite 297 14 C activity, and λ is the 14 C decay constant (1/8267 yr -1 ). Carbonate deposition 298 age (t) is unknown and is expressed as: The model requires a point of known age to account for DCF, and therefore the 316 'anchor point' needs to be defined before starting the modelling procedure. For 317 stalagmites that were growing when collected, the collection date is suitable. 318
Other possibilities are the beginning of the bomb spike rise (i.e., the first 319 indication of bomb 14 C in the atmosphere, 1955 AD), or a robust U-Th 320 measurement, if available. In the first step, the model computes a best fit through 321 all a 14 C measurements in the dataset, defining an initial growth rate (Fig. 3a) . A0 322 is kept at 1 for this step (i.e., constant atmospheric 14 C). The anchor point 323 permits calculation of each sample's calendar age via the growth rate. Because and its standard deviation are applied to all 14 C ages from the pre-hiatus interval. 348
The DCF corrected 14 C ages are then calibrated to calendar years using a 349 procedure similar to commonly available calibration tools, but built into the 350 MATLAB modelling procedure. Correcting and calibrating all pre-hiatus ages 351 prevents over-or under-estimation of the stalagmite age due to a single offset 352 age (from a possible extreme DCF value), and is therefore more robust than 353 treating only one individual (i.e., the first) pre-hiatus age. The calibration of the 354 DCF corrected 14 C ages provides a probability density distribution in time for 355 each 14 C age. The best growth rate (Fig. 3b, red line) through the probability 356 densities of all ages is determined by using the following procedure: i) the 357 youngest pre-hiatus age acts as a preliminary anchor point, and the constant 358 growth rate line is positioned through that point (Fig. 3b, red line) ; ii) The 359 growth rate line is then shifted gradually through time, intersecting each point of 360 the calibrated age probability distribution at a certain point (Fig. 3b); iii) The 361 probabilities of the intersection points are added and quantify the constant 362 growth rate line's fit to the entire data (Fig. 3c) . iv) Shifting the line of constant 363 growth through the calibrated 14 C ages establishes a new probability function for 364 the placement of this line. The best placement is determined using the weighted 365 mean of the probability distribution, which again ensures that the model is not 366 biased by single offset ages (Fig. 3c) . 367 368
Uncertainties and error estimation 369
The model considers different sources of error, including: A) Estimated growth 370 rate error, related to the goodness of the fit through the measured 14 C data; B) 371
Measurement error regarding the depth from stalagmite top (i.e. uncertainty 372 introduced from the sampling); C) Error on the calculated mean DCF, defined by 373 its standard deviation, and D) Uncertainty from the calibration, given by the 374 probability density distribution of the calibrated 14 C ages. 375
376
For the simple case of an age model without any hiatus, the resulting uncertainty 377 depends only on errors of type A and B. The chronological uncertainty is 378 calculated using common error propagation, and increases with distance from 379 the anchor point, due to uncertainty in the growth rate estimate (uncertainty in 380 the slope determined during the fitting procedure). In this case, the model's 381 chronological error is small, and depends on how well the anchor point is 382
constrained. If a hiatus is present, the chronological uncertainty for the lower 383 part is assessed differently, and the uncertainty is governed largely by type C and 384 D errors, whereas other errors are trivial and not considered. Because the age 385 model's pre-hiatus interval is not based on a single anchor point, but rather all 386 14 C ages act as anchor points, the uncertainty is defined by the new probability 387 function for the placement of the constant growth rate line (Fig. 3c) . This results 388 in much larger errors than for the case with no hiatus. 389 390 6. Model testing and application 391 6.1. Stalagmite HS4 (Heshang Cave) 392
The model was tested using a previously published stalagmite 14 C dataset from 393 Heshang Cave (China) (Noronha et al., 2014) . Stalagmite HS4 is 250 cm tall and 394 was dated using U-Th techniques, which suggest continuous growth with an 395 almost constant growth rate over the past ~8,000 years (Hu et al., 2008) . DCF is 396 stationary but varied between 7 and 14% (Noronha et al., 2014) ; therefore thesample is ideal for testing the reliability of the 14 C chronology development 398 technique presented here. 399
400
The exponential decay function was transformed to a linear relationship to 401 simplify data visualization and handling. Removing the linear trend from the 402 natural logarithm of the a 14 C ('ln (a 14 C)') data reveals that the top three 14 C ages 403 in HS4 are anomalous (defined as ages more than 1σ away from the dataset's 404 mean (Suppl. Fig. 2) ), possibly due to a shift in growth rate or DCF. If a growth 405 rate shift occurred, and an anchor point were chosen in the anomalous interval, 406
an offset in the age-depth model may result. To avoid chronological bias, the 407 anchor was therefore set to the first 14 C data point beyond the anomalous top 408 interval (the fourth 14 C point from the top overall) (Suppl. Fig. 1) . However, the a 14 C values suggest that 435 a hiatus exists and that growth rate is slightly different before and after the 436 hiatus. The pre-and post-hiatus intervals were therefore considered separately, 437
and two different growth models were constructed. iii) growth during the last ~50ka (the current 14 C detection limit). The model 487 provides a mean growth rate for a stalagmite by finding the best fit through all 488 available 14 C ages, so small-scale growth rate variability is not resolvable. Two 489 problems arise from this: first, stalagmites that experienced substantial growth 490 rate shifts will have larger chronological uncertainty, potentially impeding the 491 convergence of the iterative process, especially in the case of young stalagmites 492 (i.e., where little 14 C-decay has occurred). However, a sufficiently high-resolution 493 14 C dataset could detect and model a growth rate change if the shift was large 494 enough and occurred over a long time period. To test this, we produced a 495 synthetic dataset of a 192 mm long stalagmite where a substantial growth rate 496 change occurs at 77.5 mm depth (0.0613 to 0.0133 mm yr -1 ) and DCF varies 497 between 12 and 16%. The ln (a 14 C)-depth relationship highlights the growth rate 498 change in the synthetic dataset (Fig. 6) , illustrating that pronounced growth rate 499 changes are detectable using raw 14 C data, and that, conversely, the model can 500 confirm stationary growth rates (e.g., as in NIED08-05). Future refinements to 501 the model could be made to fit the sections individually. 502 503 Additionally, and probably more importantly, the anchor point used in the model 504 ultimately affects chronological accuracy. If the anchor point lies in an interval 505 where the growth rate deviates considerably from its mean value, the resulting 506 chronology will over-or under-estimate actual ages. Anchor selection and 507 evaluation of the 14 C data is therefore crucial. As shown for stalagmite HS4, 508 apparently small deviations of ln (a 14 C) data can result in substantial offset of the 509 final chronology, if not considered. Careful evaluation of potential anchor points 510 with respect to their representativity of the entire dataset prior to the modelling 511 procedure is therefore essential (Suppl. Fig. 2) , and can help identify the best 512 possible option in cases where multiple anchor points are available. 513
514
The 14 C data also highlight longer growth hiatuses, which complicate 515 chronological development for older (pre-hiatus) intervals and introduce very 516 large uncertainties. In the case of NIED08-05, mean pre-hiatus uncertainty is ± 517 1,354 years, essentially providing no chronological control except for a 518 qualitative indication of the general growth interval (i.e., the early Holocene). 519
Therefore, although the technique produces accurate chronologies for stalagmite 520 growth periods with independent anchor points, intervals below hiatuses are 521 currently problematic, and cannot be resolved quantitatively without an 522 additional independent anchor point (e.g. one accurate U-Th age). implying hydrological control on both parameters (Fig. 7) . Independent DCF 558 estimation is theoretically possible on such stalagmites, due to the link between 559
Mg/Ca,  13 C, and DCF. Data from stalagmite HS4 (Heshang cave, China) (Hu et al.,possibility. Because the original  13 C, Mg/Ca, and DCF were all sampled 562 individually and at different depths, the datasets were resampled and smoothed 563 to bring all parameters on the same timescale and reduce sampling bias.  13 C and 564
Mg/Ca are significantly correlated (r 2 =0.68), and smoothing markedly improves 565 the correlation (r 2 =0.91, p<0.001). DCF and  13 C are weakly correlated (r 2 =0.13 566 for the original data; r 2 =0.29, p<0.001, for smoothed data), and similarly DCF and 567
Mg/Ca (r 2 =0.21, for the original data; r 2 =0.37, p<0.001, for smoothed data). 568
Higher (lower) DCF values correspond to lower (higher) Mg/Ca and  13 C values 569 (Fig. 8) . However, other factors such as contributions from the soil/vegetation 570 system must drive a significant portion of the signal, impacting both  13 C and 571 DCF (Fohlmeister et al., 2011; Oster et al., 2010) . 572
573
Considering only karst processes, the distance of a coupled Mg/Ca- 13 C 574 measurement from the point of initial DIC (before the start of limestone 575 dissolution) should reflect DCF (Fig. 8) . When applied to the HS4 dataset, this 576 approach estimates DCF moderately well, although the amplitude of variation in 577 the modelled results is much lower than measured, due to the smoothing of the 578  13 C and Mg/Ca datasets (Suppl. Fig. 3 ). However, DCF varies considerably 579 depending on cave and climatic settings (Genty et al. 1999) , so that DCF from a 580 single stalagmite (e.g., HS4) cannot be used to calibrate samples from other 581 locations. Available published data suggest that very different and sample-582 specific relationships between DCF and  13 C exist, and no clear pattern related to 583 climate or cave settings is apparent (Suppl . Fig. 4) . However, many of the 584 available datasets are limited in size, and the relationships presented are not 585 statistically significant. 586
587
These results illustrate that constraining DCF via Mg/Ca, and  13 C data is 588 potentially attainable, but the underlying processes and the interdependencies 589 between parameters remains elusive. The lack of available data at sufficiently 590 high resolution and in many cases sampling bias, such as not measuring all 591 proxies on the same aliquot of powder, contribute to the uncertainty. Although 592 the paucity of robust datasets precludes reaching any firm conclusions with 593 respect to these observations, our work and previous studies on DCF and soil- reproduces long-term trends apparent in the U-Th based chronology ( Fig. 9a and  614 b). The correction does introduce some age reversals, particularly in the older 615 and highly resolved intervals of HS4; the chronology was therefore 616 downsampled to remove inversions prior to COPRA treatment. 617
618
The model can reliably estimate DCF (Fig. 4c) , suggesting that a common process 619 controls both growth rate and DCF, possibly recharge conditions. Growth rate 620 and DCF in stalagmite HS4 appear weakly anti-correlated (r 2 = 0.14), and it is 621 possible that elevated rainfall at the Heshang cave site encourages closed-system 622 conditions and increased DCF, while simultaneously reducing the DIC of the 623 percolation water and stalagmite growth rate. We emphasise that although the 624 model appears to yield reasonable DCF estimates, the reasons why DCF is linkedto growth rate are unclear. Furthermore, although the DCF correction appears to 626 work for HS4, its applicability to non-monsoonal sites where temperature may 627 play a larger role in DCF determination is unknown. We present a provisional 628 DCF-corrected chronology for NIED08-05, but emphasise that whether the 629 relationship observed in HS4 is transferrable to NIED08-05 is not known. 630
Despite these uncertainties, the DCF corrected NIED08-05 chronology shows 631 only very minor differences to the uncorrected chronology, consistent with the 632 stationary  13 C and the stable, slow growth rate of the sample. 
899
The black line indicates DCF derived from U-Th ages, the red line shows the DCF derived from 900 our model anchored at 43 cm from top, and the blue dashed line is the modelled DCF using the 901 anchor point at 24.6 cm from top. dataset. This shows that major changes in growth rate can be detected in stalagmites with the 918 procedure described in this study, and corroborates our assumption that NIED08-05 experienced 919 relatively constant growth rates and is a suitable sample for the method described in this study. 
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